Visible and dark matter from a first-order phase transition in a
  baryon-symmetric universe by Petraki, Kalliopi et al.
ar
X
iv
:1
11
1.
47
86
v3
  [
he
p-
ph
]  
9 F
eb
 20
12
Prepared for submission to JCAP
Visible and dark matter from a
first-order phase transition in a
baryon-symmetric universe
Kalliopi Petraki,1 Mark Trodden2 and Raymond R. Volkas1
1ARC Centre of Excellence for Particle Physics at the Terascale, School of Physics, The
University of Melbourne, Victoria 3010, Australia
2Center for Particle Cosmology, Department of Physics and Astronomy, University of Penn-
sylvania, Philadelphia, Pennsylvania 19104, USA
E-mail: kpetraki@unimelb.edu.au, trodden@physics.upenn.edu,
raymondv@unimelb.edu.au
Abstract. The similar cosmological abundances observed for visible and dark matter suggest
a common origin for both. By viewing the dark matter density as a dark-sector asymmetry,
mirroring the situation in the visible sector, we show that the visible and dark matter asym-
metries may have arisen simultaneously through a first-order phase transition in the early
universe. The dark asymmetry can then be equal and opposite to the usual visible matter
asymmetry, leading to a universe that is symmetric with respect to a generalised baryon
number. We present both a general structure, and a precisely defined example of a viable
model of this type. In that example, the dark matter is “atomic” as well as asymmetric, and
various cosmological and astrophysical constraints are derived. Testable consequences for
colliders include a Z ′ boson that couples through the B −L charge to the visible sector, but
also decays invisibly to dark sector particles. The additional scalar particles in the theory
can mix with the standard Higgs boson and provide other striking signatures.
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1 Introduction
The dark matter (DM) problem is a central one of fundamental physics, pointing unequiv-
ocally to the existence of new physics beyond the current paradigm of the standard model
(SM) of particle physics plus general relativity. We suppose in this paper that the DM prob-
lem points to the existence of new stable particles rather than modified gravity, and explore
the hypothesis that the similar observed present-day densities for visible matter (VM) and
DM suggest a common explanation for both. This general idea has a history stretching back
many years, but has become a particularly active area of investigation in recent years [1–91].
An attractive idea for the origin of the DM density is the so-called “WIMP coinci-
dence”, where WIMP stands for “weakly interacting massive particle”, meaning that its
self-annihilation cross-section is of roughly weak scale, leading to a thermal relic abundance
of the correct magnitude. This idea has the interesting property that the abundance of dark
matter is tied to the idea of new physics at the weak scale, required independently for parti-
cle physics reasons. However, in this picture we must find an independent and coincidental
origin for the similar abundance of visible matter, generating it through a typically unrelated
baryogenesis mechanism in the early universe (see, for example [92]).
An interesting alternative to the WIMP hypothesis is that the present-day DM density
is also due to an asymmetry, where the DM is a stable member of a hidden sector, and where
the two asymmetries are related. This proposal is often referred to as “asymmetric dark
matter” (ADM). There are three obvious possibilities for how a relation between the visible
and the dark asymmetries could arise: (i) the VM asymmetry is generated first, with the
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DM asymmetry arising from a subsequent reprocessing which leaks a portion of the visible
charge into the dark sector, (ii) vice-versa, or (iii) both asymmetries arise simultaneously
from a common origin.
In the first two possibilities, the VM and DM final asymmetries add up to the original
asymmetry generated in one of the sectors at high energies, with the distribution of charge
determined by chemical equilibrium between the two sectors at an intermediate scale. In
the third case, the VM and DM simultaneously develop asymmetries which compensate
each other under a generalised conserved particle number that is common to both VM and
DM, so that the relationship between the two asymmetries is completely understood and
extremely tight. It is then appropriate to talk about a “baryon-symmetric universe”, where
by “baryon number” we mean precisely this always conserved generalised particle number.
The baryonic and antibaryonic charges are separated into the visible and the dark sectors
respectively through non-equilibrium dynamics in the early universe. In all of the above
cases, the transfer operators responsible for the generation, sharing and/or separation of
charge are decoupled in the low-energy late universe, and the asymmetries of each sector are
thus conserved separately.
In this work we explore this possibility of a baryon-symmetric universe, first introduced
in Refs. [1–3]. Previous papers have constructed examples of such scenarios using out-of-
equilibrium heavy particle decays [4–12] with such scenarios termed “hylogenesis” [10]; the
QCD phase transition [13]; asymmetric freeze-in [14]; the Affleck-Dine mechanism [15–17] –
with those scenarios termed “pangenesis” [15] – and a time-dependent background of a light
scalar field [18, 19]. Here, we show that one of the generic ways to produce a particle number
asymmetry – bubble nucleation due to a first-order phase transition – can also be used in
the baryon-symmetric universe context.
We emphasise that while all ADM models relate the visible and dark asymmetries,
the dynamics involved is quite different from model to model. This is important, not only
from a model-building perspective, but also because of the different observational signatures.
The most generic property of baryon-symmetric models is that there is an always conserved
particle-number symmetry. Because it is always conserved, it is natural that it be a gauge
symmetry. The corresponding gauge boson can then potentially be discovered in colliders
and identified by its invisible decay into dark sector particles. We discuss the importance of
this and other probes further in section 5. Other significant signatures of baryon-symmetric
models – albeit more model-dependent – include baryon destruction in the core of compact
objects, and induced nucleon decay in DM direct-detection experiments [93]. In view of the
above, it is important to distinguish between the scenario we present here, and that of hidden
sector baryogenesis via bubble nucleation explored in Refs. [42, 58, 66], in which there is no
unbroken particle number carried by both VM and DM.
To connect the VM and DM mass densities, two ingredients are needed. The first, as
discussed above, is a close connection between the two asymmetries, and the second is a
theory of the DM mass scale. It is sensible to first investigate generic ways of connecting the
asymmetries, and then to think through different hidden sector possibilities for the DM. Our
focus here is thus be on connecting the asymmetries. For the purposes of illustration, we
present an example of a fully-specified dark sector, but one must recognise that a plethora of
dark sectors are a priori possible. We do not investigate the deep problem of relating the DM
mass scale to VM mass scales in this work. As for most other asymmetric DM models, our
scheme motivates the existence of a GeV-scale DM mass, with some encouragement provided
by results from the DAMA, CoGeNT and CRESST direct detection experiments.
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In the next section we explain the very simple symmetry structure underpinning our
model and indeed all models of a baryon-symmetric universe [15]. Section 3 then details
our model. In section 4 we discuss cosmological and astrophysical constraints pertinent to
most models which introduce a separate dark sector. We discuss observational signatures in
section 5, and finish with some concluding remarks.
2 Symmetry structure for a baryon-symmetric universe
The visible-matter content of our present universe is understood in terms of the symmetries
of the SM. In the SM, baryon number is conserved up to anomalous interactions that are
irrelevant at zero temperature. This is the main reason for the stability of ordinary matter,
ensuring the stability, or near-stability, of the proton, the lightest particle carrying baryon
number. Baryon number in the SM is additively conserved, and thus stabilises the proton
both against decay and against self-annihilation. The SM possesses two other additively
conserved Abelian charges, the electric charge and the lepton number, which are responsible
for the stability of the electron and the lightest neutrino1 respectively. However, most of the
mass density of the VM today is due to protons and heavier nuclei.
Let us call the baryon number of the ordinary sector B1. We now make the hypothesis
that the stability of the DM particle is due to an analogous U(1) symmetry, sustaining a
conserved, or approximately conserved, “dark baryon number”, which we call B2. Additional
stable particles may exist in the dark sector, due to extra U(1) symmetries, in analogy to the
electron and the lightest neutrino.
If we are to ever understand the baryon asymmetry of the universe, we must suppose that
B1 conservation did not hold for some period during the early universe (and it may not hold
today, but its zero temperature, low-energy violation must be very weak indeed). Similarly,
asymmetric DM requires that B2 was once violated under the appropriate conditions for the
creation of a dark-sector asymmetry.
Now consider the linear combinations
B ≡ B1 −B2 and X ≡ B1 +B2 . (2.1)
Suppose that B is strictly conserved during the epoch of asymmetry generation, and defines
a generalised particle number encompassing both the ordinary and the dark sectors that we
simply call “baryon number”. By “baryon symmetric universe” we mean “B symmetric”. In
this case, we require the violation only of the orthogonal linear combination, X, alone in the
early universe, and its restoration today. The Sakharov conditions can be used to guide the
construction of mechanisms for generating a nonzero X asymmetry, while maintaining the
B number of the universe as zero. If so, we get an automatic separation of baryon number
between the ordinary and dark sectors,
∆B1 = ∆B2 =
∆X
2
, ∆B = 0 . (2.2)
In this way we have recast the baryon-asymmetry problem as the X-asymmetry problem.
The restoration of X in the low-energy late universe, together with the conservation of B,
ensures the stability of both VM and DM.
1This is the case if neutrinos are Dirac fermions. If neutrinos are Majorana, lepton number is violated, but
the lightest neutrino is still stable due to the multiplicatively conserved fermion number. The latter arises
from angular momentum conservation.
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The discussion above took B1 to be the ordinary baryon number, the symmetry that
stabilizes the proton. But, in fact, B1 could be any linear combination of the ordinary
baryon and lepton numbers, except for their sum. The extreme case is when B1 is actually
lepton number, which means that X asymmetry generation is then leptogenesis as far as the
visible sector is concerned. This is acceptable, of course, because electroweak sphalerons will
process the lepton asymmetry partly into an ordinary baryon asymmetry, and the same will
hold for all other linear combinations (barring the sum, which would be washed out). These
observations are potentially very important, because the deep reason for the conservation of
what we called B in Eq. (2.1) may well be that it is anomaly-free and gauged, in which case
B1 might be better thought of as ordinary baryon-minus-lepton number (B − L)1. In the
explicit model we present in the next section, we shall indeed suppose that “B” is gauged,
and we shall rename it B − L to honour that fact.
Of course, no massless gauge boson that couples to the visible sector as (B − L)1 has
been observed. This compels the breaking of the local B −L. We require that this breaking
leaves a remnant global symmetry unbroken, which for all of the visible and dark sector fields
is identical to B − L = (B − L)1 − B2. We discuss the breaking of the gauged B − L in
section 3.4.
3 The mechanism and its cosmological history
We now introduce the dynamics and the particle content of our mechanism, and describe its
cosmological history.
In the electroweak baryogenesis scenario, the electroweak phase transition is first-order,
proceeding via the nucleation of bubbles of the electroweak-symmetry-breaking vacuum,
which eventually coalesce to produce an approximately homogeneous universe in the broken
phase. During the transition, baryon-number violation is occurring rapidly in the unbroken
phase regions due to the sphaleron effect, while it is ineffective in the broken-phase bubbles.
The moving bubble walls lead to departures from thermal equilibrium, and SM fermions
interact with the bubble walls via C and CP violating Yukawa interactions. The Sakharov
conditions are met, and a baryon asymmetry is generated.
We want to use this kind of dynamical setup to generate an X asymmetry without
generating a B asymmetry, hereinafter renamed “B − L” and assumed to be gauged. We
therefore need a sector which features a non-Abelian gauge force with respect to which X
is anomalous, but B − L is not. The sphalerons of this new gauge force, which we call the
“generative interaction”, will then mediate X-violating processes, and we arrange for the
generative interactions to be spontaneously broken during a first-order phase transition prior
to the second-order electroweak phase transition.2
For the purposes of dark and visible matter genesis, we may discern three sectors in our
theory:
(i) the ordinary or visible sector, which contains particles with B − L = X or B2 = 0,
(ii) the dark sector, which contains particles with B − L = −X or (B − L)1 = 0, and
2In the SM, the electroweak phase transition is known to be second order, so new physics would need to
be introduced to make it first order. Although a first order electroweak phase transition would not change X,
it could (in the presence of sufficient C and CP violation) create B1 and L1 in equal amounts, thus spoiling
the relation between B1 and B2 we shall derive in the following sections. We thus assume a second order
electroweak phase transition as is predicted in the SM.
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Sectors Particles
SU(2)G U(1)B−L U(1)X U(1)D Yukawa
gauged gauged anomalous gauged interactions
ψL 2 0 -2 0 ψ¯L ϕψR + ψ¯L ϕ˜ ψRgenerative ψ1R, ψ2R 1 0 -2 0
ϕ 2 0 0 0 ψ¯L χfR
visible
fL,R 1 -1 -1 0 ℓ¯LH fRνR 1 -1 -1 0
χ 2 1 -1 0
dark ξL,R 2 0 0 1 ξ¯ χ ζ
ζL,R 1 -1 1 1
Table 1. The charge assignments under the new symmetries in our model. The model consists of the
SM fields, the fields in this table and a scalar σ that breaks U(1)B−L. Three right-handed neutrinos
are introduced to cancel the cubic B − L anomaly, and an even number of families of the ψ fermions
is required to cancel the Witten anomaly. The generative-sector field ϕ gains a nonzero VEV during
a first-order phase transition, while the dark-sector scalar χ retains always a zero VEV. The right
column summarises the interactions responsible for the generation and transfer of the X asymmetry.
(iii) the generative sector, which contains particles charged under both (B − L)1 and B2.
We arrange for the X asymmetry produced in the generative sector to cascade down to the
lightest visible and dark sector particles via X and B − L conserving interactions of the
form: generative → visible + dark, resulting in equal and opposite visible and dark sector
asymmetries.
The particle content of our model consists of the SM plus the new fermions and scalars
in Table 1 and the associated new gauge bosons. Most of this table defines the generative
and dark sectors, with the fermions fL,R being additions to the visible sector. The SM
sector is understood to contain the physics of neutrino mass generation, which we leave
unspecified because there are many possibilities. However, we assume the existence of three
right-handed neutrinos to cancel the cubic B−L anomalies and gauge B−L. The dark sector
content, including the dark U(1)D interaction, is a minimal choice for a viable asymmetric DM
scenario, as will become clear in section 3.3. There must also be dynamics for breaking the
gauged U(1)B−L, leaving a remnant stabilising global symmetry, as mentioned in section 2.
We discuss the B − L breaking in section 3.4
The interactions and the degrees of freedom of Table 1 represent minimal choices, suffi-
cient to illustrate the mechanism and provide a viable dark sector. More elaborate structures
can, of course, be built and provide elegant solutions to various secondary issues that will
arise during our discussion.
3.1 The generative sector
The generative sector has the gauge symmetry SU(2)G and the global symmetry U(1)X . Its
matter content consists of the chiral fermions ψ Yukawa-coupled to the scalar multiplet ϕ,
as per
δLG = −

 2∑
j=1
(
hjψ¯L ϕ ψjR + h˜jψ¯L ϕ˜ ψjR
)
+ h.c.

− VG(ϕ) , (3.1)
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where ϕ˜ ≡ iτ2ϕ∗, and VG(ϕ) is a scalar potential for ϕ. There need to be at least two families
of the ψ fermions for there to be CP-violating phases in these Yukawa interactions, and an
even number of families is required to cancel the SU(2)G Witten anomaly [94]. For N families,
the four Yukawa matrices in Eq. (3.1) contain a total of 4N2 phases. The rephasings of ψL,
ψ1R, ψ2R and ϕ will remove 3N + 1 phases, leaving (4N + 1)(N − 1) physical CP-violating
phases. The minimal choice N = 2 is free of the Witten anomaly and has nine physical
CP-violating phases.
None of the fields in the generative sector carry B−L orD. The global symmetry U(1)X ,
which is the fermion number of the generative sector3, has an [ SU(2)G ]
2U(1)X anomaly,
as required. Sphalerons of SU(2)G mediate rapid X-violating processes before the SU(2)G
phase transition takes place, driven by the spontaneous-symmetry-breaking dynamics of ϕ
that completely break the generative SU(2).
We arrange the parameters of the Higgs potential for ϕ to produce a first-order phase
transition in the generative sector at a critical temperature Tc ∼ 〈ϕ〉 ≡ vϕ, which is at the
TeV scale or above. Bubbles of broken SU(2)G phase are nucleated, and we are free to choose
the parameters so that the phase transition is very strongly first order. In that case, the rapid
SU(2)G sphaleron-mediated X-violating transitions in the remaining unbroken-phase regions,
which occur at the rate [95]
ΓGsphaleron ≃ 30α5G T 4 , (3.2)
get switched off as soon as a bubble-wall passes. The parameter α
G
is the generative fine-
structure constant α
G
≡ g2
G
/4π, where g
G
is the gauge coupling constant.
The ψ fermions interact with the moving bubble walls through the CP-violating Yukawa
interactions of Eq. (3.1), creating an X charge carried by those fermions. The competing
washout process is very ineffective if the transition is strongly first order. By choosing the
CP-violating phases appropriately, we are able to generate an X asymmetry of the required
size,
η(X) ≡ nX − nX¯
s
∼ 10−9 , (3.3)
where s is entropy density of the universe. That this is possible is clear from the extensive
literature on electroweak baryogenesis [92], the dynamics of which we are mimicking here.
After the phase transition is complete, the ψ fermions have acquired masses mψ ∼ hvϕ and
the SU(2)G gauge bosons have masses MG =
1
2
g
G
vϕ. All interactions that follow preserve
B − L and X.
The ψ fermions now begin sharing the X asymmetry with the visible and dark sector
particles f and χ, and the visible and dark degrees of freedom they couple to, through the
Yukawa interaction
δLconn = −κψ¯LχfR + h.c. , (3.4)
For reasonable values of κ, this interaction keeps the generative sector in equilibrium with
the visible and the dark sectors, down to temperatures below the generative phase transition
and till about T ∼ mψ/2, when the ψ inverse decays freeze out. At that temperature, the
abundance of the ψ fermions has become thermally suppressed, and they only carry a small
portion of the X asymmetry, having transmitted most of it to relativistic visible and dark
sector particles. Moreover, the remaining population of ψ fermions will decay, transferring
3 Note that the gauge symmetries and the number of families allow the mass terms ψc
L
ψL, ψ
c
R
ψR, which
violate U(1)X . We impose U(1)X and eliminate these terms. Although in this model U(1)X is not accidental,
a more elaborate symmetry structure could give rise to an accidental, and anomalous, U(1)X .
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the X asymmetry entirely into equal and opposite B −L asymmetries in the visible and the
dark sectors. If the decay of ψ into χ and f is kinematically possible, it will be completed
above the electroweak phase transition provided that
Γψ→fχ =
κ2
16π
mψ &
T 2
EW
MP
, (3.5)
which, for T
EW
≈ 200 GeV, leads to the weak constraint
κ & 4 · 10−8
(
2 TeV
mψ
)1/2
. (3.6)
If ψ → fχ is not kinematically allowed, ψ can decay via off-shell χ and/or f particles into
lighter particles to which they couple. In this model, it is important that the transfer of the
X asymmetry to the visible and dark sectors occurs before the electroweak phase transition,
because, as we shall see in the next section, the coupling to the visible sector is leptonic, and
the action of the electroweak sphalerons is required to process the lepton asymmetry into
visible baryonic charge.
The single physical Higgs particle remaining from the ϕ multiplet can decay into, for
example, electroweak Higgs bosons through a Higgs potential coupling term, and the G gauge
bosons decay into the ψ fermions provided their mass is more than twice the mass of the
lightest ψ particle.
3.2 The visible sector
The vector-like fermions f are SM-gauge-neutral additions to the visible sector, whose role
is to transfer the X-asymmetry held initially by the generative ψ fermions into a lepton
asymmetry in the visible sector, via the interactions
δLv = −y1 ℓ¯LHfR −mf f¯LfR + h.c. . (3.7)
The lepton asymmetry, if carried by SU(2)L charged fields, is processed at temperatures
above the electroweak phase transition by electroweak sphalerons, and results in a visible
baryonic asymmetry.
The fermions f are thus required to have mass greater than the electroweak scale, so
that they decouple, decay and transfer all of the L1 charge to the SM leptons, which couple
to the weak interactions, before the electroweak phase transition. They decay via the modes
f → e−Lh+ and f → νLh0 , (3.8)
with rate
Γf = 6 · y
2
1
16π
mf &
T 2
EW
MP
, (3.9)
where the factor of six is due to the two decay channels for each of the three families. We
therefore require
y1 & 2 · 10−8
(
1 TeV
mf
)1/2
. (3.10)
The fermions fR couple in the same way as right-handed neutrinos to SM fields, but
they do not play the same role. In the absence of a neutrino mass generation mechanism, one
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linear combination of fL and νL remains massless and must be identified with the physical left-
handed neutrino prior to neutrino mass generation. Below the electroweak phase transition,
the relevant interactions from Eq. (3.7) become:
L ⊃ −mf f¯LfR − y1vH√
2
ν¯LfR + h.c. = −
(
m2f +
y21v
2
H
2
)1/2
f¯ ′LfR + h.c. , (3.11)
where
f ′L ≡
fL + θνL√
1 + θ2
, (3.12)
with θ2 = y21v
2
H/2m
2
f being the mixing parameter between f and ν. Accelerator bounds
require θ2 < 10−3 for mf & 1 GeV [96], which means we must require
y1 ≤ 0.2
( mf
1 TeV
)
. (3.13)
The lower and upper bounds (3.10) and (3.13) allow for a large range of acceptable y1 values,
for a given mf .
Through the decays of f , the (B − L)1 charge has now been transferred to the SM
sector, and is reprocessed by sphalerons into a baryon asymmetry,
η(B1) = c
η(X)
2
≈ 5× 10−10 , (3.14)
where c ≈ 0.3 [97], and the story in the visible sector is complete. The final visible matter
relic abundance is
ΩVM ≃ 0.046 = mp [η(B1) · s] /ρc = c mp s
ρc
η(X)
2
, (3.15)
where s is the total entropy of the universe today.
3.3 The dark sector
The X asymmetry is transferred to the dark sector particles via the scalar χ. The relation
between the visible and dark sector asymmetries given in Eq. (2.2) prescribes a relation
between the VM and DM relic number densities only if the symmetric thermal population
of the DM particles is efficiently annihilated. For this purpose, the DM annihilation cross
section has to exceed the canonical value of symmetric thermal WIMP DM, albeit only by
a factor of a few [73]. However, effective interactions which would annihilate DM into light
visible sector particles are typically constrained to be weaker than the weak force, and thus
not sufficient for this purpose [98–100]. This is, for example, the case with the gauged B−L,
which is already present in our model.4
The above considerations compel the existence of a dark gauge force and the annihilation
of DM into dark-sector radiation. We thus extend the dark sector by two Dirac fermions ξ
and ζ, which are also charged under the dark gauge group U(1)D. This force need not be
4 We note that collider constraints on a Z′B are much weaker [101], and it is possible that such a force
could be employed in this and other baryon-symmetric scenarios, and provide efficient annihilation of DM.
However, this would require the existence of exotic quarks cancelling the [SU(2)
L
]2 ×B1 anomaly.
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spontaneously broken, and in that sense is a dark-sector analogue of electromagnetism. In
addition to the U(1)D gauge force, the dark sector physics is given by
δLd = −
(
y2 ξ¯χζ + h.c.
)−mξ ξ¯ξ −mζ ζ¯ζ − Vχ , (3.16)
where Vχ is the scalar potential of χ and we require that χ has a zero VEV. In Eq. (3.16),
we introduced bare masses for the fermions, which will eventually be determined by the
requirement of getting the correct DM mass density from the dark asymmetry of Eq. (2.2).
It is presumed that the DM mass scale arises from some other physics (e.g Higgs mechanism,
confining force), which we do not specify here.
The χ particles decouple, decay and transfer the X asymmetry into the ξ, ζ fermions of
the dark sector via Eq. (3.16), at rate
Γχ→ξζ¯ =
y22
16π
mχ . (3.17)
The asymmetry transfer, as well as the DM annihilation and decoupling, have to be completed
before matter-radiation equality, so that DM density perturbations can begin to grow. This
puts only a very weak constraint on the Yukawa coupling
y2 > 10
−16
(
100 GeV
mχ
)1/2
. (3.18)
The three Dirac fermions ξ1,2 and ζ are stable
5 and carry all of the antibaryonic asym-
metry. After they become non-relativistic, their symmetric thermal populations annihilate
away via the unbroken U(1)D force.
We now calculate the relic DM mass density, and compare it with the VM. The SU(2)G
global symmetry sets η(ξ1) = η(ξ2) ≡ η(ξ). The conserved the B2 and D charges are
η(B2) = η(ζ) =
η(X)
2
, (3.19)
η(D) = η(ζ) + 2η(ξ) = 0 . (3.20)
Equations (3.19) and (3.20) yield
η(ζ) = −2η(ξ) = η(X)
2
. (3.21)
The dark matter relic abundance is
ΩDM =
mζ |η(ζ)| · s+ 2mξ|η(ξ)| · s
ρc
= (mζ +mξ)
s
ρc
η(X)
2
. (3.22)
Equations (3.15) and (3.22) give
ΩDM
ΩVM
=
mξ +mζ
mp
1
c
, (3.23)
5Linear combinations of B2 = [X − (B − L)]/2 and D define two dark fermion number symmetries, one
carried by the ξ doublet and the other carried by ζ.
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which predicts that the masses of the DM particles should satisfy6
mξ +mζ = cmp
ΩDM
ΩVM
≈ 1.5 GeV . (3.24)
We note that Eq. (3.21), and therefore the prediction of Eq. (3.24), would not change if we
had shifted the B2 charges of the ξ, ζ fermions by the same amount. This would in fact be
equivalent to kinetic mixing of U(1)D with U(1)B−L.
In the above we showed that, in this model, the DM is antibaryonic and consists of the
ξ¯1,2, ζ fermions. Due to the unbroken U(1)D, these particles combine in the late universe into
two kinds of D-neutral hydrogen-like bound states, ξ¯1ζ and ξ¯2ζ after the decoupling of the
D-photons. In this imagined world, the DM today is “atomic” as well as asymmetric. Atomic
DM entails interactions that are more complicated than those of WIMP DM, and is subject
to constraints from cosmological and astrophysical considerations. We discuss pertaining
bounds in section 4.
Despite the B2 violation necessary to generate the dark baryonic asymmetries, the
exact stability of DM is guaranteed by a discrete remnant of B2 respected by the generative
sphalerons. The latter violate X by 4 units: δgX = |qX(ψ)|Nf (ψ) = 4, where |qX(ψ)| = 2
is the X charge of the generative fermions and Nf (ψ) = 2 is the (minimum) number of
generative fermionic families. The dark baryonic numberB2 = [X−(B−L)]/2 is thus violated
by δgB2 = δgX/2 = 2. (Of course this violation is accompanied by δg(B−L)1 = δgX/2 = 2 to
maintain δg(B−L) = 0.) This ensures the stability of DM – even if the generative sphaleron
rate were important at zero temperature – whose decay would require processes inducing
δB2 = 1.
3.4 Gauged B − L and its spontaneous breaking
As discussed in section 2, baryon-symmetric models rely on the existence of an always con-
served particle number, what we called here B − L, under which both nucleons and dark
matter are charged. In gauge theories, global symmetries of low-energy effective models are
expected to be violated at some higher scale, and ultimately by gravity. The exact con-
servation of a charge is thus considered technically natural if it can be ascribed to a gauge
symmetry.7
If the conservation of B − L is attributed to it being gauged, then it also has to be
broken to be consistent with the non-observation of a long-range force. The minimal way to
do this is to introduce a scalar σ which has a nonzero B − L but which transforms trivially
under all the other symmetries, and require it to acquire a nonzero VEV. Here, we require
that the breaking of the gauged B − L leaves a global symmetry unbroken, under which all
the particles of Table 1 and the SM carry their usual B − L gauge charges. To achieve this,
we disallow Yukawa interactions of the following kind: σnOB−L, with n any positive integer
and OB−L being a spin-0 monomial consisting of SM fields and the fields of Table 1, which
6Equation (3.24) gives, in fact, the mass-to-baryonic-charge ratio of DM in baryon-symmetric models. For
the dark sector presented here, the baryonic charge of DM is qDM = −1. More generally, the DM mass needed
to yield the correct DM abundance in baryon-symmetric models ismDM ≃ 1.5GeV×|qDM| if theX asymmetry
is generated and released in the thermal bath above the electroweak phase transition, or mDM ≃ 5GeV×|qDM|
if this happens below the electroweak phase transition. Possible dark-sector sphaleron-like effects could modify
these predictions by a factor of a few.
7Of course, the breaking of a low-energy global symmetry by higher dimensional operators does not nec-
essarily result in production of a net charge.
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carries B−L 6= 0 and is invariant under all other symmetries (including X). Such a Yukawa
coupling would break the global B − L we wish to retain upon σ developing a VEV.
This structure, which allows for the breaking of a local U(1) to a global remnant, can
be also described as follows: the gauge symmetry encompasses two global U(1) symmetries,
only one of which breaks spontaneously and gives mass to the gauge boson. In our example
we can write
(B − L)gauged = (B − L)global +B′ . (3.25)
The SM and the particles of Table 1 transform under (B − L)global = (B − L)1 − B2 as
described in the text, and have B′ = 0. The field σ carries B′ 6= 0 and (B − L)global = 0,
obtains a VEV and breaks the gauge symmetry. Note that X = (B − L)1 + B2, and the
charge of σ under X is q
X
(σ) = 0. The phase transition associated with the B −L breaking
will not alter the cosmological asymmetry because, by construction, σ does not carry X or
(B − L)global charge.
We should now identify what the B − L charge of σ, q
B−L
(σ), should or should not
be, such that the above symmetry structure (and thus symmetry breaking pattern) arises
accidentally, as a result of the B − L gauge charges of the fields, rather than from the
imposition of a global B′ symmetry. The accidental global B′ certainly occurs for interactions
of all orders if σ carries an irrational B−L charge. If, on the other hand, σ carries integer or
fractional B−L charge, then the global B′ symmetry emerges at a finite order of interactions.
For example, given the particle content of our model, the lowest-order OB−L operators (as
defined above) are the dimension-4 monomials ψ¯Lχf
c
L+h.c. Thus, no renormalisable Yukawa
interaction violates the global B′ for any value of q
B−L
(σ). In addition, if q
B−L
(σ) 6= ±2, the
Yukawa interactions σ(ψ¯Lχf
c
L) and σ
∗(ψ¯Lχf
c
L) are forbidden by gauge invariance, and the
B′ symmetry is preserved up to interactions of at least order 5. Additional conditions arise
if we require B′ to be respected by higher-order operators.8 The order at which B′ emerges
as a global symmetry of the unbroken theory, is, of course, the order at which (B − L)global
is retained after σ acquires a VEV and breaks the gauged B − L.
When the scalar σ acquires a nonzero VEV vσ, the gauge boson Z
′
B−L
acquires a
mass M
B−L
= g
B−L
vσ/2, where gB−L is the gauge coupling constant. Collider experi-
ments constrain Z ′
B−L
parameters so that the lower bound on the mass is ∼ 500 GeV for
α
B−L
= g2
B−L
/4π ∼ 10−2 [101]. We discuss the scale of B − L breaking in the next section,
in association with the generative and the electroweak phase transitions.
3.5 The scalar degrees of freedom
Our model contains several scalar degrees of freedom: ϕ, σ, χ and the SM Higgs H. All of
them are subject to their scalar potentials, which at tree-level and zero temperature are
VG = −µ2ϕ|ϕ|2 + λϕ|ϕ|4 , (3.26)
Vσ = −µ2σ|σ|2 + λσ|σ|4 , (3.27)
VH = −µ2H |H|2 + λH |H|4 , (3.28)
Vχ = µ
2
χ|χ|2 + λχ|χ|4 . (3.29)
8 The spin-0 monomials ϕ˜ χ, ψRfL, ψ
c
R
fR, ψ
c
R
νR, f
c
L
fL, f
c
R
fR, ν
c
R
νR, ν
c
R
fR have lower dimensionality
than ψ¯Lχf
c
L and carry no gauge charge other than B − L 6= 0. However, they also carry X charge. Since
we have chosen to impose a global U(1)X symmetry (see section 3.1 and footnote 3), under which σ does
not transform, we need not consider these monomials here. However, considering them would only imply
q
B−L
(σ) 6= ±1/2,±1,±2.
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We want the fields ϕ, σ,H to acquire VEVs and break the generative, B−L and electroweak
symmetries, while χ should not acquire a VEV (thus leaving B2 unbroken). We therefore
require µ2ϕ, µ
2
σ, µ
2
H , µ
2
χ > 0. The full scalar potential of the theory also contains terms that
couple the various scalar particles together
Vmix(ϕ, σ,H, χ) = λϕH |ϕ|2|H|2 + λϕχ|ϕ|2|χ|2 + λϕσ|ϕ|2|σ|2
+ λσH |σ|2|H|2 + λσχ|σ|2|χ|2 + λHχ|H|2|χ|2 .
(3.30)
We collectively refer to the couplings of Eq. (3.30) as λmix, and to the quartic self-couplings
of Eqs. (3.26) to (3.29) as λself .
After the ϕ, σ,H fields acquire VEVs, the mixed quartic couplings generate mass con-
tributions for all the scalars, m2ind ∼ λmixv2, and induce mixing among the ϕ, σ,H fields.
The requirement that χ does not acquire a VEV becomes µ2χ+λϕχv
2
ϕ+λσχv
2
σ + λHχv
2
H > 0.
We may discern two cases, depending on the relative magnitudes of λmix and λself :
(i) Small mixing, λmix ≪ λself .
This regime can arise naturally from an underlying supersymmetric dynamics for mixing
between fields with no gauge interactions in common; in particular, zero mixing follows
for the D-term contributions to the potential.
For this case, the mass contributions induced by symmetry breaking are much smaller
than the mass-parameters in the Lagrangian, m2ind ≪ µ2, and the mixing among the
scalar degrees of freedom that acquire VEVs is
θij ∼ λmix
λself
min(µi, µj)
max(µi, µj)
≪ 1 . (3.31)
The phase transitions which break the various symmetries proceed independently, and
a hierarchy of scales can be accommodated. We require
M
G
> M
EW
, mχ , (3.32)
such that the X asymmetry generation occurs above the electroweak phase transition,
allowing for leptonic couplings to be employed for the transfer of the asymmetry from
the generative sector to the relic visible sector particles, as in the example presented
here9. While the χ field does not strictly need to be lighter than the generative sector
particles, this would allow for unsuppressed decay of the ψ fermions. However, the
decay of ψ can also proceed via an off-shell χ at a sufficient rate, if this is kinematically
necessary.
For λmix . 10
−6, the mixed quartic couplings cannot keep the various sectors in equi-
librium, but they may contribute to the scalar decay width significantly.
(ii) Significant mixing, λmix ∼ λself .
This is the most generic possibility in non-supersymmetric models and if the scalars are
fundamental particles.
9It is, of course, possible to implement our scenario using baryonic couplings between the generative and
the visible sectors.
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The induced mass contributions from symmetry breaking are large, and as a result
they balance the various scales involved. Only small hierarchies among scales can be
sustained, and we assume that
M
G
∼M
B−L
& M
EW
∼ mχ . (3.33)
The mixing between the scalar degrees of freedom which acquire VEVs is significant.
This is of particular importance for collider physics, as it relaxes the limits on the
SM Higgs mass, both because of suppression in the Higgs production cross-section in
colliders, and suppression in the Higgs decay branching fraction into SM states.
The couplings of Eq. (3.30) contribute to the thermalisation and decay processes among
the various sectors, which can be important for the cosmological viability of the model,
as we now discuss.
4 Cosmological and astrophysical constraints
We now turn to examining some aspects of the cosmology of our model arising from the
existence of a dark sector with several stable particle species and internal dynamics.
The visible and the dark sectors are kept in equilibrium with each other in the early uni-
verse through their couplings (3.4) to the generative sector via Z ′
B−L
exchange, and through
the scalar potential term λHχ|χ|2|H|2 of Eq. (3.30). If the dark U(1)D mixes kinetically
with hypercharge, via the term −(ǫ/2)Fµν
Y
F
D µν
, the scattering processes e−γ ↔ e−γ
D
can
equilibrate the two sectors down to T ∼ me. We require ǫ . 10−8 to preclude this possibility.
Depending on whether the scalar coupling λHχ is small or large, as discussed in the previous
section, the dark and the visible sectors decouple at a temperature
(i) Tdec ∼ min
[
M
G
,M
B−L
]
, or (ii) Tdec ∼MEW . (4.1)
Below Tdec the visible and dark sectors are in equilibrium within themselves, but have
different temperatures T1 and T2, respectively. Entropy conservation relates their tempera-
tures according to
g1T
3
1
g2T
3
2
=
g1(Tdec)
g2(Tdec)
≡ r , (4.2)
where g1(g2) is the number of relativistic degrees of freedom (d.o.f.) in the visible (dark)
sectors. As the universe evolves after visible-dark-sector decoupling, the ratio of temperatures
changes from unity as mass thresholds are crossed, particles become cold and cause the g’s
to decrease. We use Eq. (4.2) to express the entropy and the energy density of the universe,
and other related quantities, at any point after Tdec, in terms of either T1 or T2.
4.1 BBN and WMAP
We must ensure that the energy density due to relativistic dark-sector species does not spoil
big bang nucleosynthesis (BBN) and WMAP measurements. The observational limit on
the additional relativistic energy density at temperatures . 1 MeV is customarily expressed
through an “effective number of extra neutrino species”, δNeff . Recent BBN analysis [102]
suggests δNeff 6 1 at 95% C.L., while the current best fit from WMAP is δNeff = 1.34
+0.86
−0.88
at 68% C.L. [103]. For our purposes, we use δNeff 6 1.
The relativistic energy density carried by the dark sector depends both on the number
of relativistic d.o.f. and on the temperature of the dark sector. The dark-sector temperature
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can be lower than that of the visible sector if the fraction of relativistic d.o.f. which decouple
and release their entropy below Tdec is larger in the visible sector than in the dark sector, as
exhibited by Eq. (4.2).
For our model, the dark-sector relativistic d.o.f. at temperatures . 1 MeV are the
two massless U(1)D gauge boson polarisation states, g2,BBN = 2, while for the visible sector
g1,BBN = 3.91. This sets a bound on the dark relativistic d.o.f at Tdec
g2,dec 6 18.6
( g1,dec
110.25
)
. (4.3)
If the visible-dark-sector decoupling happens above the electroweak phase transition,
when all of the SM d.o.f and the f fermions are still relativistic, then Eq. (4.3) yields g2,dec 6
18.6. The dark sector of Table 1 has a total g2 of 16.5, so it satisfies the bound.
If the mixing couplings in the scalar potential of Eq. (3.30) are large, the visible-dark-
sector decoupling happens below the electroweak phase transition, when the SM Higgs, the
top quark and the f fermions have decoupled and g1,dec = 92.75. Because of the large scalar
mixing coupling, χ also has an electroweak-scale mass and is decoupled, leaving g2,dec = 12.5.
The bound of Eq. (4.3) now reads g2,dec 6 15.6, and is again satisfied.
Any additional heavy particles in the visible sector would allow for additional dark
degrees of freedom.
4.2 Dark recombination and residual ionisation
The dark matter of our model consists of the ξ¯1,2, ζ fermions which carry U(1)D charge.
They form Hydrogen-like states ξ¯1ζ and ξ¯2ζ, thus screening the long-range force among the
DM particles. We have to ensure that the dark recombination, ξ¯ + ζ → H
D
+ γ
D
, occurs
before the matter-radiation equality, so that the D-neutral DM states can start clustering and
density perturbations can begin to grow. To estimate the recombination time and the residual
ionisation fraction, we employ a simple thermal equilibrium and freeze-out calculation.10
The dark baryon density and ionisation fraction are
n(B2) = n(ζ) + n(HD) , (4.4)
Xζ ≡ n(ζ)
n(B2)
=
n(ξ)
n(B2)
≡ Xξ , (4.5)
where n(ξ) = n(ξ1) + n(ξ2) and similarly for the dark Hydrogen states. The dark baryon
asymmetry is fixed by the observed visible baryonic asymmetry
η(B2) =
n(B2)
s
=
1
c
η(B1) ≈ 10−9 . (4.6)
The (ground-state) binding energy of the dark Hydrogen is
Eb =
α2
D
µ
D
2
=
α2
D
2
mξmζ
mξ +mζ
, (4.7)
where α
D
is the U(1)D fine-structure constant and µD is the ζ, ξ¯ reduced mass. In what
follows, we adopt the ratio
x ≡ Eb
T2
(4.8)
10For an overview of constraints on atomic DM, see Ref. [104] and references therein.
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as our time parameter (with T2 being the dark-sector temperature). As long as the recombi-
nation reactions ξ¯ + ζ ↔ H
D
+ γ
D
are in equilibrium, the Saha equation gives the ionisation
fraction
XEQζ (x) = X [αD , η(B2)] x3/4 e−x/2 , (4.9)
where we have taken the limit Xζ ≪ 1, and defined for convenience
X [α
D
, η(B2)] ≡
(
45(1 + r)
2π7/2g2
)1/2
α−3/2
D
η(B2)
−1/2 , (4.10)
with r defined in Eq. (4.2). Recombination is defined as the moment when XEQζ (xrec) = 0.1,
which yields
xrec ≃ 34.5 + ln
[(
0.3
α
D
)3( 10−9
η(B2)
)]
. (4.11)
Dark recombination has to happen before matter-radiation equality, at visible sector tem-
perature T1 ≈ 1 eV, which is ensured for sufficiently large dark-Hydrogen binding energy or
reduced mass
µ
D
& 0.5 keV
(
0.3
α
D
)2
. (4.12)
This lower limit on the ζ, ξ reduced mass µ
D
is much smaller than the sum of masses mζ +
mξ ≈ 1.5 GeV (see Eq. (3.24)), and implies that the lightest of the ξ, ζ fermions should be
at least as heavy as µ
D
.
In the above analysis we assumed that the recombination reactions ξ¯ + ζ ↔ H
D
+ γ
D
stay in equilibrium at least till the ionisation fraction drops to about 10%. We now discuss
the constraints under which this holds, and what is the residual dark ionisation, after the
freeze-out of the recombination reactions.
The thermally averaged cross-section of the recombination reactions is [105]
〈σv〉 = c˜ 64π√
27π
α2
D
µ2
D
x1/2 lnx , (4.13)
with c˜ ≃ 0.448. Note that recombination proceeds primarily into the first excited state of
the dark Hydrogen, which then decays into the ground state. Freeze-out occurs when H =
〈σv〉n(ζ). Assuming radiation-domination, which is required for the pre-dark-recombination
era, this condition yields the time at which the ionisation fraction freezes out
xf − 1
2
lnxf − 2 ln(lnxf ) = F [αD , η(B2), µD ] , (4.14)
where we have defined
F [α
D
, η(B2), µD ] ≡ ln
[
29 c˜2
33π3/2
(1 + r)3
1 + r˜
]
+ ln
[
η(B2)α
5
D
(
MP
µ
D
)2]
, (4.15)
with r˜ = r4/3 (g2/g1)
1/3. Thus, the recombination reactions freeze out at
xf ≃ 72 + ln
[(
η(B2)
10−9
)(α
D
0.3
)5(0.4 GeV
µ
D
)2]
. (4.16)
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The residual ionisation fraction Xresζ = X
EQ
ζ (xf ) is
Xresζ ≈ 10−9
(
10−9
η(B2)
)(
0.3
α
D
)4 ( µ
D
0.4 GeV
)
. (4.17)
Requiring Xresζ < 0.1 (the recombination value) yields
α
D
> 3× 10−3
(
10−9
η(B2)
) 1
4 ( µ
D
0.4 GeV
) 1
4
. (4.18)
Equations (4.12) and (4.18) summarise the mild constraints that arise from requiring
that long-range self interactions of the DM are sufficiently screened in the early stages of
gravitational collapse to allow for clustering and the formation of inhomogeneities. These
estimations are consistent with more detailed numerical methods [106].
4.3 Dark-matter self interaction inside clusters
If dark matter is atomic, then atom-atom collisions can be important inside galaxies and
clusters. Analyses of the Bullet Cluster bound the DM self-interaction [107, 108] by
σ
mDM
< 1 cm2/ g . (4.19)
The low-energy atom-atom cross section can be estimated as [104]
σ ≈ 4πk2a20 , (4.20)
where a0 = (αD µD)
−1 is the Bohr radius, and 3 6 k 6 10. Thus, the Bullet Cluster
constraint implies
α
D
> 0.3
(
k
3
)(
0.4 GeV
µ
D
)(
1.5 GeV
mDM
) 1
2
. (4.21)
In our model mDM = mζ +mξ ≈ 1.5 GeV (see Eq. (3.24)), and for mζ ≈ mξ the reduced
mass is µ
D
≈ 0.4 GeV. We note that α
D
∼ 0.3 is well within the perturbative range.
In the above, we ignored the possibility of DM having a small ionised component,
a remnant of the freeze-out of the recombination reactions, which would increase the self
interactions of DM inside clusters. However, the constraint of Eq. (4.21) ensures that the
residual ionisation fraction, estimated by Eq. (4.17), is tiny and completely negligible.
Equation (4.21) is the strongest constraint pertaining to the self-interactions of dark
matter in the model presented here. Quite importantly, it automatically precludes the possi-
bility of efficient cooling of DM halos due to DM collisions, excitations and de-excitations via
the emission of dark photons. This is because the bound of Eq. (4.21) sets a significant lower
limit on even the smallest energy splittings of the dark atoms: the hyperfine structure of
Hydrogen-like atoms is δEhf/Eb ∼ α2
D
[min(mζ ,mξ)/max(mζ ,mξ)], which for αD ∼ 0.1 − 1
and mζ,ξ ∼ 1 GeV is δEhf ∼ 10 keV − 100 MeV. Such energy splittings are too large to be
excited via atomic collisions inside the DM protohalos, and thus cooling via emission of dark
photons does not follow.
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5 Signatures
5.1 Collider signatures
A massive Z ′
B−L
gauge boson arises naturally in baryon-symmetric models. The scale of B−L
breaking need not be, and perhaps cannot be, very different from the electroweak scale, as
discussed in section 3.5. In this case, the B − L interaction can be probed at the LHC. The
Higgs and Z ′
B−L
phenomenology at the TeV scale in B−L extensions of the Standard Model
has been explored in Refs. [109–114]. In models in which the DM is antibaryonic, the Z ′
B−L
is common to both the visible and the dark sectors, and this modifies its phenomenology in
interesting ways. If produced in colliders, it will have a significant decay width into dark-
sector particles, which can be measured at the LHC [109–122] providing an important probe
of the dark sector.
The class of models we have considered entails an enhanced Higgs sector, which provides
promising signatures at the LHC. The various Higgs degrees of freedom mass mix, and thus
share production and decay channels. The coupling of the electroweak-breaking Higgs to the
(B − L)-breaking Higgs provides another probe of the baryonic dark sector. While this is
generic in baryon-symmetric models, the mechanism presented here also predicts the exis-
tence of a third Higgs particle which breaks the generative symmetry. The generative sector
connects the visible and the dark sectors, and if a Higgs state with a significant generative-
sector component is produced at the LHC, it will decay into multilepton/multijet final states
and missing energy. For example, for the particular implementation of the mechanism we
presented here, the decay chain of interest would be
ϕ→ ψ + ψ¯, ψ → χ (→ missing energy) + f, f → ℓ
−W+ or νZ
ψ¯ → χ∗ (→ missing energy) + f¯ , f¯ → ℓ+W− or ν¯Z , (5.1)
where the intermediate ψ, f and χ particles can be off-shell. The SM gauge bosons can be
identified either by their leptonic decays, resulting in high lepton multiplicity, or by their
hadronic decays, resulting in high jet multiplicity and allowing the missing energy to be
attributed completely to the dark sector. If the generative sector coupling to the visible
sector is baryonic rather than leptonic (e.g. via the neutron portal ucRdRd
c
RfR), then the
multiplicity of jets in the final state increases. Such a signature has low SM background. It
also has the potential to be distinguished from other beyond SM processes (e.g. susy) using
the topology of the process and the kinematics reflecting light final dark-sector particles.
We emphasise that such processes are very different from the Higgs decaying part of
the time invisibly, purely into missing energy (dark-sector particles). The latter possibility
is often encountered in extensions of the SM. However, in the present model the Higgs
is decaying into visible and dark-sector particles simultaneously, which is indicative of the
symmetry structure of baryon-symmetric models.
Because of their couplings to the dark sector, the collider bounds on the Z ′
B−L
and the
Higgs bosons are relaxed. This is due to suppressed decay branching ratios into SM particles,
as well as suppressed production cross-sections in the case of the Higgs. A potential discovery
of a Higgs state in the SM-excluded mass range would signal the existence of additional scalar
degrees of freedom.
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5.2 Dark-matter direct detection
For the minimal dark sector constructed here, dark matter can be detected via Z ′
B−L
ex-
change. The spin-independent scattering cross section per nucleon can be as high as11
σSI
B−L
≈ 10−44 cm2
(g
B−L
0.1
)4(0.7 TeV
M
B−L
)4
, (5.2)
where we have used mDM = 1.5GeV. For such low DM masses there are no constraints from
XENON100 [123] or CDMS II [124].
An additional possibility for direct detection arises if U(1)D is broken and mixes kinet-
ically with the photon. The cross section can be
σSI
D
≈ (10−37 cm2) ( ǫ
10−4
)2 ( g
D
0.1
)2(100 MeV
M
D
)4
. (5.3)
This could account for the regions favoured by DAMA and CoGeNT [125, 126] if the DM
mass is somewhat higher than what is predicted here. This is possible in a richer dark sector
in which the DM particles carry a larger baryonic charge (making their number density
smaller and their mass larger). We note that a broken U(1)D provides a suitable dark-sector
scenario for our mechanism, provided that the corresponding gauge boson is sufficiently light,
M
D
< mζ ∼ GeV, such that the DM particles can still annihilate into dark photons. Efficient
annihilation of the symmetric part of DM requires only g
D
& 0.05. For M
D
∼ 100 MeV, the
kinetic mixing between U(1)D and the photon can be ǫ ∼ 10−4 (for constraints on ǫ, MD
see [127, 128]). In this case, the dark gauge bosons Z ′
D
decay as soon as they decouple, via
the kinetic mixing into e± pairs, leaving no dark-sector relativistic energy density present
at BBN. The breaking of U(1)D can destabilise one of the dark-sector particles (ξ or ζ,
depending on the mass hierarchy), while B2 still ensures the stability of the other, which
alone constitutes the DM state. There is no long-range force among the DM particles, and
the astrophysical constraints of section 4 are not applicable. The kinetic mixing between the
dark force and the photon can be probed in current fixed target experiments [127, 129].
6 Conclusions
The similar mass densities of the visible and the dark matter of the universe suggest a common
origin for both. This can be realised in the context of a baryon-symmetric universe, which
entails a dark-sector asymmetry that exactly cancels the visible-sector asymmetry. While
this approach is primarily phenomenological, such a construction is also economical in that
the new physics introduced to generate the observed baryonic asymmetry of our universe is
also responsible for the dark-matter relic abundance. The dark sector itself need not involve
more than few degrees of freedom, although a greater complexity is a priori possible, and
surely not unparalleled given the complexity of the visible sector.
In this work, we have shown that a baryon-symmetric universe can be achieved through
a first-order phase transition associated with the spontaneous breakdown of a new gauge force
called the “generative” interaction. The possibility analysed here adds to other mechanisms
suggested for producing a baryon-symmetric universe [1–19]. We have presented a specific and
11The direct-detection cross section can be larger if DM scattering occurs via exchange of Z′
B
rather than
Z′
B−L
, as discussed in footnote 4.
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minimal dark sector to demonstrate that a viable model of this type exists. This dark-sector
example features an unbroken Abelian gauge interaction – a dark-sector electromagnetism –
to annihilate the symmetric part of the dark plasma, and which leads in the later universe
to “atomic” dark matter. The stable dark matter fermions form two-body bound states
because of the Coulomb interaction of the dark electromagnetism. We have then derived
constraints on this dark sector from big bang nucleosynthesis, structure formation and the
Bullet Cluster, and have specified the viable parameter space.
A major phenomenological benefit of baryon-symmetric models, including the one being
described here, is the natural appearance of a Z ′ with a substantial invisible width into dark
matter. The discovery of such a particle at the LHC would be an extraordinary breakthrough
in understanding dark matter. At low energies, the contact interaction provided by Z ′
exchange can also produce a signal in direct dark matter detection experiments.
The specific realisation developed here is best probed in colliders through the scalar
sector. In addition to the standard electroweak Higgs boson, there is also a scalar that
breaks U(1)B−L and another multiplet that breaks the generative symmetry and produces
the first-order phase transition that is at the heart of the dynamics. Naturalness arguments
suggest that the generative scalar should mix substantially with the standard Higgs particle.
Such a mass eigenstate can be produced at the LHC through the standard Higgs admixture,
but decay through the generative component. This leads to low-background signatures of
multilepton final states or a lepton pair and four jets, plus missing energy carried off by dark
sector particles.
We note that the complete explanation of the similarity of the visible and dark mass
densities requires a theory of DM mass. In baryon-symmetric models the DM mass is pre-
dicted to be in the GeV range. The DM direct detection signals seen by DAMA, CoGeNT and
CRESST, albeit in need of confirmation, provide evidence for this mass scale and reinforce
the case for similar visible and dark number densities.
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